The fractions of various clusters and single chromium atoms were calculated for a series of La 1-0.2x Sr 0.2x Cr x Ga 1-1.2x Mg 0.2x O 3-solid solutions (0.01 < x < 0.10) within the context of diluted solution and Heizenberg-Dirack-van Vleck models. An essential influence of both the nature and concentration of heterovalent diamagnetic substituent on the quantitative and qualitative composition of chromium atom clusters was shown. These clusters include also strontium, magnesium atoms, and oxygen vacancies.
INTRODUCTION
Simultaneous doping of lanthanum gallate with alkalineearth elements and magnesium makes it possible to obtain a wide spectrum of compounds with ionic conductivity. Introduction of transition elements into the gallium sites, on the whole, contributes to the appearance of electronic component of conductivity. An active search for the compositions providing for maximal ionic and (or) electronic conductivity is going on from 1994, when for the first time the ionic conductivity was found in lanthanum gallate doped with strontium, calcium, barium, and magnesium [1] . This is accounted for by practical importance of the materials based on doped lanthanum gallates in the production of solid oxide fuel cells (SOFC).
The tolerance of perovskite structure of lanthanum gallate to various substitutions allows a wide spectrum of compositions to be obtained, which have various qualitative and quantitative composition and, consequently, various properties. Doped gallates are used as a rule as electrolytes in SOFC [2] [3] [4] [5] [6] [7] . In such a case the cathodes must have both electronic and ionic conductivity and the electrolytespurely ionic. Gallate doped with strontium and magnesium, as an electrolyte, is now a popular subject for SOFC operating in the middle temperature region (600 -800° ).
A large number of works is devoted to the study of the structure of lanthanum gallate and its derivatives [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . The data on structural analysis are ambiguous, which is substantially determined not only by the synthetic procedure but also by the quality of starting reagents. The study [9] is particularly remarkable, since the structure of La 1-x Sr x Ga 1-y Mg y O 3-is determined as a function of inserted Sr and Mg: orthorhombic at x + y < 0.25; orthorhombic and rhombohedral A number of works on computer simulation are devoted to the stability of doped lanthanum gallates and their electron structure [24] [25] [26] . The data of Khan using the statistic lattice simulation method [24] are in good agreement with endothermic character of experimental values in [23] .
It is interesting to note that by the data of computer simulation the formation of oxygen vacancies upon heterovalent substitution of lanthanum gallate results in its destabilization, whereas doping zirconium oxide with yttrium contributes to the stabilization of fluorite structure [23] . In Sr and Mg doped gallate the binding energy of "bivalent cation -vacancy" for a Mg Ga`| V O couple was found to be -0.90 kJ/mol, for a Sr La`| V O couple --0.01 kJ/mol [25] , which can be a promising factor favoring an increase in the oxygen conductivity on introduction of strontium. The data of calculations [24] are in agreement with experimental transport numbers in gallates doped with strontium and magnesium, where a decrease in the oxygen transport numbers is noted for the systems containing only strontium compared to magnesium containing solutions (t O 0.98 for La 0.9 Sr 0.1 GaO 3-and 0.92 for LaGa 0.85 Mg 0.15 O 3-at 1073 K) [27] .
An attention must be paid to a serious problem upon doping lanthanum gallate with alkaline-earth metals and magne-sium only -the obtained samples are not single phase. Again in this case much depends on the conditions and methods of the synthesis and also on the very precursors. Aside from the phase of gallate many researchers found admixed phases, such as LaSrGaO 4 and LaSrGa 3 O 7 [8] [9] [10] [11] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , in all cases where the solubility of strontium is exceeded or close to the limit. By the data of [1] the limit of strontium solubility in LaGaO 3 is 10 at%. It is interesting to note that introduction of magnesium only up to 20 at% does not result in admixture phases [28] . An excess of magnesium results in the isolation of La 4 Ga 2 O 9 , LaSrGaO 4 , and LaSrGa 3 O 7 . As a rule the quantity of admixture phases is small and attains no more than 5%. The reason for their appearance is the instability of the structure of doped gallate, which, as has been shown above, can be accounted for by thermodynamics. That means that in general from energetic point of view the emergence of oxygen vacancies is unfavorable. The admixture phases being insulating to a large extent result in a decrease in the conductivity and in a decrease in the life time of a material. In some cases the admixture compounds were not detected [39] .
At the same time in some works the effects of stabilization of the structure of lanthanum gallate doped with Sr and (or) Mg were found upon introduction of transition element ions [40, 41] .
In the studies of conductivity much attention is being given to lanthanum gallates doped aside from strontium and magnesium with transition elements [4, 27, 34, 35, [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . In this case we deal with electron-ionic conductors, which are interesting not only from applied point of view, but also from the point of view of fundamental studies. The main intriguing problem in this case is the separation of electronic and ionic components of conductivity, which is sometimes a very complicated problem.
For elucidating the qualitative and quantitative regularities in the systems in question the most important seems to be the knowledge of their electron structure. This includes not only the valence and spin states of the atoms, but also their mutual influence and the special features of interatomic interactions. The changes in the type of conductivity on varying the qualitative or quantitative composition of conductors is directly associated with interatomic interactions and atom states in their structure. As for now the question about the electron structure of doped lanthanum gallate remains open, being partially solved on using the quantum chemistry calculations.
There is an opinion that introduction of strontium together with a transition metal into LaGaO 3 results in a partial transition of trivalent element into a higher valence state, usually +4 [27, [43] [44] 55] and sometimes even +5 [45] . The conclusion about the change in the valence state of a transition element is made from indirect data: a decrease in the volume of the unit cell (since cations with greater charge have a smaller ionic radius [56] ) [44] , or an increase in the activation energy of ionic conductivity (compared to La(Sr)Ga(Mg)O 3-), which is accounted for by strong Coulomb interactions between tetravalent metal cations and oxygen ions in the M 4+ -O -Mg [27] . However, such explanations are open to question since the changes in the structural parameters may be associated also with clustering and with the formation of oxygen vacancies. The conclusion about the emergence of cations with the +4 charge on introduction of Sr and Mg is questionable also because in this case the ionic conductivity had to decrease or totally disappear, however no such phenomena are observed. Moreover, the disproportionation of trivalent cations is very unprofitable (except for Mn 3+ ) for thermodynamic reasons. There is no unambiguous data directly pointing to an increase in the charge state of transition element atoms.
These rather urgent problems require unambiguous answers. In spite of a large body of data on this topic in their great majority the studies are empirical and random. The absence of systematic approach to the study of electron-ionic conductors within the context of "composition -structureproperty" hampers the interpretation of experimental results and does not permit their generalization. The data about the electron structure would allow an insight into the problem of electronic and ionic conductivity of doped lanthanum gallates.
Hence in this work we put forward an ingenious approach to solving the problem of electron structure of doped lanthanum gallate using the method of magnetic dilution. The changes in the valence and spin states of a transition element and also in the interatomic interactions may be recorded in the examination of concentration and temperature dependences of magnetic susceptibility. This property is strongly sensitive to any changes both in the states of atoms and in their close surrounding, as will be shown below.
The method of magnetic dilution, as any method, has some limits in the quantity of introduced paramagnetic element (~10 at%). No doubt, in this concentration range we cannot expect relatively high conductivity. However, only in the diluted solutions containing paramagnetic atoms we can precisely find their electron structure (the character of interatomic interactions, valence and spin states of transition element atoms). An increase in concentration results in cooperative effects complicating the pattern as a whole and making impossible the detailed examination of all the types of short range interactions in the systems.
Within this approach we studied a large number of systems based on lanthanum gallate containing strontium and transition elements [57] [58] [59] [60] [61] [62] [63] .
The aim of this work was to calculate the fractions of single chromium atoms and clusters for the 
EXPERIMENTAL

Synthesis
The La 1-0.2x Sr 0.2x Cr x Ga 1-1.2x Mg 0.2x O 3-(0.01 x 0.1) solid solutions were obtained by the sol-gel method. We used special pure grade La 2 O 3 and Ga 2 O 3 ; analytical pure grade strontium carbonate; chromium oxide was obtained by reducing stoichiometric quantities of analytical pure grade ammonium bichromate with hydrogen peroxide in acid me-dium. The starting components were dissolved in nitric acid on heating. The resulting solution was cooled and neutralized with ammonium hydroxide to pH~7. Then we added citric acid and ethylene glycol as recommended in [29] . Amount of citric acid and ethylene glycol was calculated by the formula:
where n i -charge of cation metal; i -number of moles of the metal.
The obtained gel was decomposed on heating in a furnace with the temperature being increased at a rate of 4 o C per minute from 100 to 800 o C (the furnace was heated from room temperature to 100 o C as the current was switched on). A highly dispersed powder was pressed into pellets and sintered in air at 1450 o C for 50 h. The time of sintering for obtaining single phase samples was determined by the data of X-ray analysis. The magnetic susceptibility remaining constant after sintering for additional 10 hours suggests that the obtained solid solutions are close to equilibrium distribution of paramagnetic atoms.
Materials Characterisation
The X-ray analysis was carried out on a URS-50 N diffractometer using CuK emission. The contents of chromium, strontium, and magnesium was determined by Roentgen fluorescent and atom emission analyses. The data of both methods were in good agreement and the accuracy was no less than 2% from the value of x in the solid solution formula.
The magnetic susceptibility of the solid solutions was measured by Faraday method in the temperature range 77-400 K at 16 fixed temperatures. The accuracy of relative measurements was 1%. The paramagnetic component of magnetic susceptibility was calculated with respect to the susceptibility of lanthanum gallate measured over the same temperature range.
RESULTS AND DISCUSSION
Structural Data
By the data of X-ray analysis all the obtained La 1-0.2x Sr 0.2x Cr x Ga 1-1.2x Mg 0.2x O 3-(0.01 x 0.1) solid solutions are single phase with cubic lanthanum gallate structure.
Chemical Analysis
The chemical analysis of the ceramics shows a certain shift in the composition after sintering, but the ratio of Cr:Sr:Mg remains close to 5:1:1. The importance of chemical analysis is associated with the fact that on sintering at high temperature the shift in the composition is inevitable, and this influences the accuracy of calculations of paramagnetic component of magnetic susceptibility, since it is calculated per mole of paramagnetic atoms.
Experimental Magnetic Data
By the results of magnetic susceptibility measurements we plotted the temperature and concentration dependences of Cr . Let us examine the concentration dependence of paramagnetic component of magnetic susceptibility for the systems with Cr:Sr=5:1 and Cr:Sr:Mg=5:1:1 (Fig. 1) . For all the temperatures the isotherms are almost coinciding given the chromium concentration x > 0.06. This points to similar types of interatomic interactions and of atom states in this concentration region. An essential divergence of isotherms is observed only in the region of small chromium concentrations, which could testify for a direct influence of magnesium as a doping agent on the short range interactions between chromium atoms.
In Fig. (2) we give concentration dependences for three systems: Cr, Cr:Sr = 5:1, and Cr:Sr:Mg = 5:1:1. There is no doubt that in LaCr x Ga 1-x O 3 only Cr(III) is present, and since the isotherms for Cr:Sr = 5:1, and Cr:Sr:Mg = 5:1:1 coincide with the isotherms for LaCr x Ga 1-x O 3 over a wide range of concentrations we can suggest that chromium does not change its valence state and remains trivalent. Otherwise, if we had a partial or complete oxidation of Cr(III) to Cr(IV) in the systems with Sr and (or) Mg, the isotherms of magnetic [64] .
For the systems with Cr:Sr=5:1 and Cr:Sr:Mg = 5:1:1 there is only a certain increase in the magnetic susceptibility in the range of low concentrations, which can be accounted for either by a partial transition of Cr(III) to Cr(II), or by the formation of aggregates of chromium atoms having a large magnetic moment and thus increasing the susceptibility.
Extrapolating the effective magnetic moment to the infinite dilution (x 0) for every temperature studied we obtained the plot given in Fig. (3) . Whenever we deal with regular solid solutions, as complex oxides with perovskite like structure usually are, at infinite dilution there must be only single atoms left, no matter what was the clustering as the concentration increased. Therefore we were to obtain the effective magnetic moments corresponding to single chromium(III) atoms -μ eff = 3.88 BM. For LaCr x Ga 1-x O 3 we do obtain μ eff ~ 4.00 BM, which does not depend on temperature (the ground term of Cr(III) 4 Moreover, there is a distinct temperature dependence of μ eff at x 0. The effective magnetic moments greater than the only spin values suggest the emergence of strong aggregates of chromium atoms, which do not disintegrate even at infinite dilution. As early as in 1979 we were able to show that a dimer cluster remaining at the infinite dilution of a solid solution must have a bond energy of about 100 kJ/mol [65] . This suggests that the formation of clusters is determined by thermodynamic reasons rather than magnetic exchange interactions, their energy rarely exceeding 1 kJ/mol.
As follows from Fig. (3) , for each type of the system distinguishing by the qualitative composition the structure of clusters is different, since the effective magnetic moments differ. The obtained data clearly testify for strontium and (or) magnesium (and also oxygen vacancies located in the vicinity of them) enter the composition of these clusters.
The unusual temperature dependence and the absolute values of magnetic moments make it impossible to describe these clusters within Heizenberg-Dirac-van-Vleck model [66] . According to this model the effective magnetic moment of a cluster linked ferromagnetically may either decrease as the temperature increases, or remain constant. Whereas for an antiferromagnetic cluster μ eff increases as the temperature increases, but does not exceed the spin only value of a single atom.
On the one hand, we have the dependence, its temperature run being typical for an antiferromagnetic cluster, on the other hand, the absolute values of the moment point to a ferromagnetic exchange. There seems to be a double exchange [67, 68] in the clusters as is described for the Cr:Sr = 5:1 and Cr:Sr = 2:1 systems [63] . It follows from [63] that at the infinite dilution for Cr:Sr = 2:1 there remain only some clusters (we called them clusters X), i.e. their fraction is equal to 1, and in the Cr:Sr = 5:1 system the magnetic moments correspond to 20% of clusters X and 80% of monomers.
Returning to Fig. (2) , where the isotherms coincide after x > 0.06, we can conclude that for the Cr:Sr:Mg = 5:1:1 system in this concentration range the same clusters will exist as in the Cr:Sr = 5:1.
The high values of μ eff for the Cr:Sr:Mg = 5:1:1 system and their temperature dependence also cannot be described even taking into account the clusters X from previous systems. Hence we suggested that here at the infinite dilution there are only clusters Y of another nature than clusters X.
Theoretical Study
We calculated the fractions of various clusters on the basis of diluted solution model. It suggests that in a diluted solid solution the magnetic susceptibility is determined as a sum of the susceptibilities of single atoms (monomers) and various clusters, mostly small, multiplied by their fraction in a particular solid solution (a i ):
The fractions of clusters and single atoms are constant for every concentration of the solid solution and obey equation (2): 
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Thus we obtain the equation for calculating the theoretical susceptibility:
Cr para = a clY clY + a clX clX + a dim dim + a tri tri + (1 a clX a dim a tri a clY ) 
For the effective magnetic moment equation (3) transforms into:
Here Cr and μ Cr are the experimental values of paramagnetic component of magnetic susceptibility and of effective magnetic moment respectively. μ mono was taken as a spin only value for Cr(III). μ dim and μ tri were calculated by Heisenberg-Dirac-van Vleck (HDVV) model for two and three interacting spins.
In general the Hamiltonian of the system of interacting spins without considering Zeeman interaction is given by equation (5):
where J is the exchange parameter, S i(j) -the spin i(j) operator. We can obtain analytical or numerical solutions of Hamiltonian and find its eigenvalues -the energies of the spin levels -depending on the number of spins in a cluster and on its geometry. The energy is determined both by the total spin of the system (S) and by the spins of separate atoms (S i ) and for a dimer it appears as equation (6):
The energy of the spin levels, E(J, S) is associated with the effective magnetic moment calculated per mole of metal atoms by van Vleck equation (7) [66] .
where n is the number of paramagnetic atoms in a cluster; k is Boltzmann constant; T -absolute temperature; g -Lande factor.
Therefore for an S 1 = S 2 = 3/2, g 1 = g 2 = 2 couple with regard to x = J d /kT we obtain 
Let us consider the susceptibility of a trimer in more details. We took into account the case of a chain of 2-1-3 atoms (the figures correspond to the numbers of atoms), C v symmetry. For a homonuclear Cr(III)-Cr(III)-Cr(III) trimer we have one exchange parameter J t . The Spin-Hamiltonian without considering Zeeman interaction and its eigenvalues are:
where according to the rule of adding the moments the total spin (S) and intermediate (S 23 ) spin take the values:
Using Van-Vleck equation it is easy to obtain the final expression for the magnetic moment of three atoms S 1 = S 2 = S 3 = 3/2 linked by exchange with g 1 = g 2 = g 3 = 2, y = J t /kT: 
The only difference from the case of dimers is in the fact that we sum up over the intermediate spin to take into account the multiplicity of spin multiplet degeneracy with the same total spin values.
In our calculation we varied the fractions of clusters and monomers and J t , accepting J d = -12 cm -1 as in [57] . μ clY were taken from the dependence of the effective magnetic moment at the infinite dilution for the Cr:Sr:Mg=5:1:1 system. The parameters were considered as optimal on condition that We found J t = -20 cm -1 . The difference between the calculated and experimental values of magnetic susceptibility did not exceed 2% (Fig. 4) . We tried also to exclude from our calculations one or other type of paramagnetic particles -monomers or clusters, but this resulted in an essential divergence between the data of experiment and theory (up to 6%), hence we concluded that our approach is the most valid.
The influence of magnesium on the number of various clusters of chromium atoms can be traced upon comparing the concentration dependences of the cluster fractions for the Cr:Sr =5:1 and Cr:Sr:Mg = 5:1:1 systems (Figs. 5, 6 ). The special features of the changes in the cluster fractions depend both on qualitative and quantitative composition of the system. For the solutions containing neither strontium nor magnesium, LaCr x Ga 1-x O 3 , we have a typical pattern of the dilution of antiferromagnets -as the concentration of paramagnetic component increases, the fraction of monomers decreases, the fraction of antiferromagnetic dimers increases [57] .
The introduction of chromium and strontium into lanthanum gallate with the ratio Cr:Sr = 5:1 results in clusters X apart from monomers, dimers, and increasing fraction of trimers. These clusters X have no less than 4 paramagnetic atoms, are somehow associated with the vacancies in the sublattice of oxygen, and have a distinct ferromagnetic component in the exchange. The introduction of magnesium in addition to strontium results in some other clusters -Y even greater than X. Both types of clusters are preserved at the infinite dilution, but their fraction decreases as the concentration increases. This points again to the fact that strontium atoms and vacancies associated with them are included into these clusters with a strong bonding. We can assume that as concentration increases, the additional chromium atoms become located near the vacancies thus behaving like monomers, their fraction increasing as the concentration increases. Then the dimer and trimer clusters appear with antiferromagnetic exchange.
The clusters with a distinct ferromagnetic component in the exchange may be accounted for by the double exchange [67, 68] between heterovalent chromium atomsCr(III)|Cr(II). Introduction of strontium or magnesium can result not only in oxygen vacancies (one vacancy per two strontium or magnesium atoms) but also in "extra" electrons at the site of vacancy. This "extra" electron can pass from the vacancy to the adjacent chromium(III) atom thus resulting in the reduction of chromium(III) to Cr(II). Migration of an electron from one paramagnetic center to another may result in a strong ferromagnetism. Such an assumption excludes Cr(IV), even though the exchange Cr(III)|Cr(IV) also would be ferromagnetic, because we would never obtain oxygen conductivity in these systems and the magnetic data testify strongly against this.
The measurements of impedance spectra of these systems confirmed that they show a transfer from purely electronic to ionic conductivity in the temperature range of about 300-400 o C like in [60] . More detailed studies of impedance will be published later.
Impedance Spectroscopy
All samples were characterized by impedance spectroscopy from 3 MHz to 0.1 Hz at the temperature range 50 -800 o . Density of all the samples was close to theoretical value. Typical spectra at Cole-Cole plots and equivalent electrical circuit is given in Fig. (7) for various temperatures. Impedance spectra consists of two parts: a bulk semicircle (with the bulk resistance (R b ) and constant phase element (Q b )) and a grain-boundary semicircle (with the grain-boundary resistance (R gb ) and constant phase element (Q gb )) [69] . This equivalent circuit gives the best approximation for both bulk and grain-boundary parts for all the temperatures.
The plot of logarithm of the bulk conductivity of the grains vs reverse temperature is given in Fig. (8) for the systems with various contents of strontium -Cr:Sr = 2:1 and Cr:Sr = 5:1, for the system with chromium only (LaCr x Ga 1-x O 3 (Cr)) and the system with strontium and magnesium, Cr:Sr:Mg = 5:1:1, the quantity of chromium is given by the data of chemical analysis. The conductivity is minimal for LaCr x Ga 1-x O 3 , in all the other cases a break is observed in the temperature dependence, the conductivities in both parts being greater than for LaCr x Ga 1-x O 3 . This seems to be asso- ciated with ionic conductivity; the break must be associated with the predominance of ionic transport at higher temperatures. 
CONCLUSIONS
Therefore we see that the introduction of magnesium into lanthanum gallate doped with strontium and chromium results in a distinct increase in the clustering of chromium atoms, which can be recognized only at low concentrations of the doping atoms. This may be attributed to the fact that magnesium atoms occupy the same sites as chromium, thus their influence on d-orbitals of the latter are stronger. Magnesium atoms providing for an essentially more ionic bond with oxygen than gallium atoms exert a strong polarizing effect on p-orbitals of oxygen. Therefore the bond between chromium atoms and oxygen become more covalent, which results in an increase in clustering. Chromium atoms in the system are only in the trivalent state. 
